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Modeling Volatilization of Trlchloroethylene from a Domestic Shower Spray:
The Rote of Drop-Size Distribution
Ntehc4a> 4. Gterdbtt.r Nurtan A. EMMA,* and Julian I. Andefcnan*
Graduate School of PtMc HeeKh, University of Pittsburgh. Pittsburgh. Pwraytanta 16201

• The Ctcton affecting the volatilization of trichloro-
ethylene from a shower spray were niinnsfid and modeled
a* a function of the distribution of drop sizes. For the 10
L/min shower-water flow system, the measured drop siiea
were smaller and initial velocities greater than those for
the 5 L/min system. Lof-probit plots indicate a bimodal
distribution of drop sixes for «•** flow wt*. Tfaeamodala
for internal mass transfer &oc dmp* *er« a**«3«e4 to
determine which best predicted wowex ouiissioss. A
penetration theory model applied to oscillating drope, an
eddy d<fftufon model, and a model for mass transfer re-
stricted to a thin liquid film surrounding the drops was
compared to data on volatilisation from drops collected
at different heights in the shower spray. The former two
models fit the data. It was also observed that volatilization
from water at the bottom of the shower was substantial

Introduction
The release of volatile organic chemicals (VOCs) from

a shower spray is controlled by the interfadal area of
contact between the drops and air, drop velocity and
residence time, and the mode of mass transfer from the
drops to the air (*g., eddy diffusion, molecular diffusion).
All of these factors are a function of drop size. It follows
then that knowledge of the dtep-iii^ <!iiwibut:Gu fcr s
shower spray would aid in modeling the volatilization of
VOCs from that spray. Using a model shower system,
Andelman et aL (/) showed that the shower spray is one
of two major sources of chemical emissions, the pool of
water around the shower drain being the other. This ex-
perimental result emphasizes the need for a better un-
derstanding of the hydrodynamic regimes in the shower
system, inriurling drop sizes, which affect the volatilization
process.

In the present study the drop sizes and velocities are
determined experimentally for a standard-size shower
head. This information is used, along with three models
for internal mass-transfer constants for the rates of vola-
tilization from the surfaces of water drops, to predict the
emission of trichloroethylene CTCE) from the shower spray.
These modeled results am ti*n compared io those ob-
tained from experimenta measuring the volatilization of
TCE from drops collected at different heights in the
shower spray in an effort to determine which model(s) best
predict volatilization of TCE from the experimental,
full-size shower system.

MoM-Tnntfer Model* for Volatilization /ram Drop*
Three mass-transfer, volatilization models have bean

chosen for comparison to experimental results obtained
in this work. They include penetration theory applied to
oscillating drops (2), eddy diffusion from drops (J), and
• model where aH the mass transfer is restricted to a thin
liquid fOm surrounding the drop (4). The last two models
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depend on the drop velocity, whereas the first does not
These three models wen chosen because others have
studied their application using a spray-like system (5), they
cover a range of mass-tranafer mechanisms, and they give
predictions in the mathematically coovenUnt form of a
mass-transfer constant

Modal 1: AafeloataL(2). The penetration theory for
mai* cranuei k> geaemined it twaHauog orop*. Tbwo
drops experience sinusoidal obkte/proUte e»cai*ii«n« tiut
reeuH in the stretching and shrinking of their surface areas.
It is thought that drops undergo a violent internal mixing
once a cycle. The liquid-phase controlled, mass-transfer
constant for a single drop is

*L " (2/*")(«Di,(l + t + Q.yRWp* (1)
where u (1/s) is the frequency of oscillation given by
Lamb's equation:

(2)

where r (dyn/cm) is the surface tension of water and m
(mg) the mass of the drop, D^ (cm1/*) i* the diftusivity in
water of the contaminant, and c is the •'npHtnd* of os-
culation. StiD pbotoa of the shower spray showed circular
drops being emiued xrom the nozzle, i nis implies that
any drop osculation was quickly dampened, and therefore,
t was chosen to be zero.

Modal 2: Handloa and Banm (3). The liquid-phase
controlled, msss-transfer constant for a liquid drop moving
through a fluid medium i* given by

*L- 0.0037SV
1 + (3)

where V (cm/s) k the drop velocity, m (P) is the viscosity
of water, and p(P) is the viscosity of air (mthk case). This
equation is based on the assumption that all the mass
transferred from the dispersed phase of the drop to the
continuous phase is by eddy diffusion. The eddy diffusion
transfer process involves motion from the bulk of the drop
to t*1* drop's surface. Subsequent volatilization mass
tianeur by molecular diffusion eeros* the drop's surface
i« flff mvtd t« ~^«* iMt«nt«nannaly, linftn tJM> film thick-
new is assumed to be zero.

Model I: Buekenstein (4}. This model assumes a
well-mixed drop interior, with all the resistance to mass
transfer occurring within a thin film of liquid around the
outaideof the drop. The continuous phase flows around
the outside of the drop aa ft faUs, causing the drop's in-
ternal mixing. This mixing is assumed to bring continu-
ously fresh phases from the bulk water of the drop to Ha
surface. The diffusion at the drop's surface is considered
rapid but incomplete. The equation for the maae-tranaf er
constant k

(4)
where d (cm) is the drop diameter.

Madeline Sprar Yslo&iHxxites- The fol!s«™>e <•
application c£ the dual-reeistasce theory to describe the
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volatilization proc*« for the shower »pray. A compre-
hensive review of th* dual-resistance theory has been
presented by Haney (€).

A mass-balance expression may b* written for volatil-
ization from & tingle. »oherical droo as

WATER DKJU

when K^ (cm/») is the liquid-phase controlled, mass-
transf er constaat for * chemical volatilizing from the drop;
CL ii the aqueous-phase bulk liquid concentration of
volatilizing chemical (ing/m*); C( is Ha gas-phase concen-
tration {mg/m*); and H ia the dimeniionkss Henry's
constant (the ratio of the gaa-phaae concentration for
volatilized chemical divided by its aqueous phase con-
centration at equilibrium). Assuming the bulk liquid 1- •-
terror of the drop remains well-mixed, integration of eq'
5 during the residence time in air of the drop yields

- C./J3) - -zp[-Ku(«/^y (8)

where C^ tmg/m*) in ise f aedwswr caB«iii2sfc*en end CL,
(mg/m1) is the concentration ia the atop *i tins ei*d of its
residence time in air,- £4 (s). Equation 8 ti»» ezpi cases the
concentration of chemical remaining in a tingle drop as
a function of its residence time in air, feedwater concen-
tration, and air concentration in the shower. It is assumed
that the latter, Cp remains constant during the short
residence time in air (—0.5 s). The concentration of
chemical remaining in the spray, as a function of ah* and
water-phase concentrations and the residence time of the
spray in the air, can be found by summing all the vol-
ume-weighted contributions of each drop size in intervals
designated by <*,, from i - 1 to t - n, where n represents
the total number of drop sizes in the spray

- CC/H) - £>, e=pH

where X, ia the fractional volume for d*?p •"< • «>d K^.
(cm/s) is the mass-transfer constant for that drop size. It
should be pointed out that the assumption of spherical
drops need not have been made to arrive at the final form
of eq 7, although the specific factor 6/d,- is based on *
spherical drop shape.

The fraction of chemical volatilized from the spray, /„
is

(8)

(9)

This equation will be used tc predict volatilisation rates
as a funcuon of drop reskieac* time, eipenmentaily-de-
termined drop-size dJsthbutioaa, and Xi^vahxs obtained
from volatiliaation modek. These calculated rates will then
be compared to those determined experimentally to asseas
the accuracy of the models.
Experimental Section

Drop-Size Distributions La the Shower Spray. The
measurement of the shower spray drop sizes was aeeom-
plished using the fact thai baraontalry-moving drops have
different stopping distances which vary with drop size.
Stopping distance is that which a particle, with some Initial
velocity, wfll travel through the air in a horizontal direction
(for « discussion of stopping distance see ref 7). Velocities
of the drops in the shower spray were measured using a

Combining eqs 7 and 8, one obtains

/. - U - Cg
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video c&aaette recording system. SLtce both drop diame-
ters and velocities were measured for the distribution of
drops in the shower spray, their Reynolds numbers could
be calculated The Reynolds number is the ratio of inertia
to viscous drag forcfe » ptrtid* sic^^sscw m u =tov»s
througfi its trajectory in air, SmaQec d?op» wiH hive
smaller Reynolds numbers and coneapoodmgiy shorter
stopping distances because of high viscous air resistance.
larger drops, with the same initial velocity, have higher
Reynolds numbers and experience more of an inertia! re-
sistance to motion. These larger drops wffl, therefore, have
longer stopping distances. This concept of sizing drops
on the basis of their different velocities has been used for
rain drops (S).

Average velocity for the drops at 5 L/min wa* estimated
to be 343 cm/s, and at 10 L/min 507 on/s. These esti-
mates were made from a video tape taken of the shower
at 30 frames per second (the shower drop height was 183
cm). The leading edge of the spray was tracked and the
distance fallen measured frame by frame by replay on *
television screeo. A tape measure stretched from the top
to the bottom of the shower provided the markisz* for
dktaoce aajtea. Ths drops weiwonervvdicmo?* Together
in a plume and were therefore assirmnd to have the same
average velocity.

The experimental setup for sizing the drops m the spray
is shown in Figure I. The shower head was mounted in
a horizontal position so that the shower spray flowed
parallel to the ground. Water was pumped to the shower
head, from a 208-L polyethylene drum, using a Gelber
positive displacement pump (Mods! HP 75-1508). The
shower spray approximates a solid COM ia croea section,
Representative sampling of this ewe was takes by passing
the spray through a slit 0.8 cm high and a* long as the
width of the spray cone. A small gutter on the top side
of the slit caught water not passing through, the slit and
drained it away, thus preventing the formation of mter-
ferinf drops. The spray which passed through the t3ak was
caught by trays wfih plastic wella. Each wefi was 5 J on
daeO.&bcmwiae.and2L5cmloDC. Tas entire apparsxaa
WM shielded on all aids* ftwa any'croas breezes by plastic
sheeting. The shower head was operated at* low flow of
5 L/min and a high flow of 10 L/min.

CaUbration of the coflectaon wells was done by placing
glass platea (23 cm X 33 cm) covered with soot oa top of
•achwelL The shower spray was started with the slit
initially covered. The slit was then uncovered for 1-2 a
to allow drops to footprint the glass plates. These foot-
prints gave true drop diamet*n (U., clear circles appeared
oa the sooted plate* where the drops landed). After
fuutprintmg. the glass platea were covered with white paper
towel to prevent smearing of the footprints. Bach plate
was placed on a Ughtbox, covered side down. For each wall
at leaat 100 drop diameters were measured using a mag-
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OropHbe dttributtra tor flow* of & and 10 Ltanta.
nifier with reticle (Fineacale comparator stock pocket
model). Twenty-nine wells were used for the drop sizing
at 5 L/min and 36 at 10 L/min.

The distributions of drop sizes were obtained by allowing
the shower to run long enough to fill the collection wells
with a measurable volume of water. Splashing from well
to wefl was not a problem. The volume in each well waa
measured by pouring the water out a hole, drilled in the
bottom of the well, into a graduated cylinder. During
filling, the holes were kept capped. The drop-size dis-
tributions for the shower operated at both 5 and 10 L/min
are shown in Figure 2. Each of these distributions rep-
resents the average of two replicate experiments. Each
drop diameter corresponds to the mean for the given welL
The «M»wniini standard deviation for these Tnnen diame-
ters waa found to be 2%; although it wu tvptcaily lass.

Volatilization aa a Fuaetioaof 8how*r4>roa Res-
idence Time. The TCE-epiked shower spray, operated
in a vertical mode, was sampled at different befits using
a movable trapping device in an enclosed ruH-eize shower
chamber. The aqueous TCE wee injected into the shower
from a dosed polyethylene drum, and ha concentration wee
measured from samples taken just prior to the shower
head. Similarly, the spray samples collected a* various
heights were also analyzed for the unvolatiHzed TCE
.content This sampling device and its component parts
are shown schematically in Figure 3. The spray wee
sampled by moving the trap to a fixed height within the
•prey. The trap was allowed to purge for e sufficient length
of time (three trap volumes) to ensure thai the sample
taken showed no bias from « previous sample.

Samples were collected at the end of the Teflon tubing
leading from the trap with a 40-tuL eta** svriasje. Tyni-
cally 16-mL water samples were collected end analyzed
using a microextraction technique (9-11). This involved
injecting the sampled water into e miniert reertiflesk
(Pierce Chemical Co.) and extracting the TCB with pes-
ticide-grade pentane (Pierce Chemical Co.), followed by
analysis using a gas chromatograph equipped with en
electron capture detector (Hewlett-Packard Model 5890A).
Feedwater samples wen also taken from a Teflon tee in
the fine supplying the shower head. Again, 15-mL samples
were taken using a 40-mL glass syringe, and analysis of the
aqueous TCB concentration was done in the same way aa
for the shower-spray samples.

During each experiment the shower rf»««»li«» was op-
erated in an enclosed mode so that all parameters could

•be controlled and monitored in a precise manner. The air
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concentration of TCB was monitored in real time using a
Miran 1A. an infrared air monitoring device (Foxboro Co.).
Feedwater concectzfitioc of TCB was kept constant in the
water delivery system. Water flow rate was fixed at either
5 or 10 L/min. Water and sir temperatures were measured
in real time. The air-exchange rate of the shower chamber
was also controlled (12).
Remit* and Ditaution

Tbe measured distributions of drop sizee are shown in
Figure 2 for the 6 and 10 L/min water flow rate experi-
ments. They can be shown to fit bimodal log-normal
distributions. Their median drop sixes are quite different,
indicating that water flaw Mta «hnuM «ff«gt w.l̂ TstV'Tl
in that the models ̂ frwwd earlier show a dependency
ondropsixe. The measured average percent volatilization
of TCE was 67% and 69% at 6 and 10 L/min, respectively.
However, the air-exchange rate* in the volatilization
chambers fat these two experiments were also different at
3.5 and UJ air exchanges per hour (ACH), respectively.
The air-exchange rate can affect the inhibition of the
volatilization rate since h affects Cr Aa the latter increases
and the Henry's law equilibrium is approached, aa indi-
cated by eq S, there is a decrease in the driving fore* (CL
- C,/H) for mesa transfer of the VOC from the shower
water to the air. Thus, the differences in the percent
volatilization in these two experiments may not be due
entirety to e^erencesu drop-ate distributkme. However,
MeKone and Knezovich (IS) did not find a statistically
significant difference in transfer efficiency for TCE during
a 20-min shower period during which the air concentration
of TCE would have increased with time. Also, for both
hot and cold showers they found that on the average the
transfer efficiency waa about 60%, similar to the values
we report bere.

The mute foe the relationship bstwses fractional
volatuzauon and foop-MriaW* Ua* far two tjrpical
spray-sampling experimenta are shown in Figures 4 and
5. The air and water temperatures of these experiments
are shown there, as an the shower-water inlet concentea-
Uons of TCE, 480 and 780 xg/L, respectively. The TCB
air concentrations during the drop-residence time, aleo
shown in these figures, were substantially different for the
two water flows. The experimental data are represented
by the open circles, which are connected by solid Hues and
include error bars corresponding to 1SD of imprecision
associated with the TCE analyses. The dashed Knee rep-
resent the modeled predictions. These latter curves were
calculated for models 1,2, and 3 using the *L values de-
tennmed from eq 1,3, and 4, respectively, in combination
with the drop-si** distributions shown m Figure 2, and file
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application of eq 9. The raw data for both of these room-
temperatur* shower experiments show that about 40% of
the TCE in the £ eedwatar volatflaed from die spray before
it readied the poo) of water at th* bue of the shower
chamber. The spray sample dose*t to th« pool was taken
58 cm above it; tiwa the total drop height wa« 183 on, tb*

to havtb»*n greater than 40%. As noted previously, the
total percent volatilization for the experiment at S L/min
was 67% and at 10 L/min waa 59%. Since no water waa
obwrved running down the aidea of the shower chamber
during the shower experiment*, the remaining fraction of
i-4>»mi«-*l volatilized would hav* to have **i\mnt*4 from
the pool

The general trend for the corvee m Figone 4 and 5
shows a rise in the fraction of TCE volatilised from the
shower spray with increaeed residence tan* is air, as
predicted by the three models for internal maas transfer
from drop*. Model 3 (*elocity dependent) overpredicts in
each ca«e to a Iarf« extent. Modal 2, the other vtlocitv-
dependent mcdeL wane* cloeer to matching the data, w
does modal L Toe latter is the surface-stretch modal
whan penetration theory has been applied to . * Ulating
drop*. Modal lie particularly convenient to ui ;» ><»caua«
h predicts masa-transfer constanta for all the c.
spray-lika system that do not change with »* .,« 7.

Models 1 and 2 predict that the 5 L/mra aop-sit*
distribution would result in rubstantially loww transfer
efficiencies at each residence time compared to that for

10 L/min. The experimental difference* for these two
water-flow raUa, although qualitatively consistent with
these predictions, are not as great as the models predict.

The error bars shown in the experimental data in Fig-
urea 4 and 5 *nco:2pftM ft range sf one relative standard
deviation (red) based on reproducihility of the measured
inlet water concentration C^ and outlet water concen-
tration Ct,. In addition there is some Imprecision in th*
model curves, since they utilize the experimental drop-so*
distributions and velocity measurements. However, only
the latter were found to contribute significantly to the
imprecision of the model curves. The mean velocities used
in models 2 and 3 were 343 ± 27 (±lrad) for 5 L/min and" •
507 ± 61 for 10 L/min. When the velocity-dependent
models 2 and 3 were run using extreme valnas of velocity
(mean ± 1 rsd), some range in fractional volatilization
resulted, although it k smaO and is not shown in the plots.
A more pronounced effect was seen for predictions at 5
L/min than at 10 L/min. The high velocity used in
moaeung o is/mm orougns model 2 closer w model 1, and
the lo«? vsJoeity waa still within the errcr-bsr range cf the
data. Model 3 remained far removed from th* data. For
example, the largest imprecision due to velocity was found
for model 2 at 10 L/min at a residence time of about 0.35
g. In this easel rsd of velocity led to a rsd of about ±0X6
for/,. For the other models and th* lower 6 L/min flow
rate, the uncertainty in /» was substantially less. In con-
clusion, the uncertainty in th* experimental measurement*
of/y at various residence times, a* well as that in the three
model curves, indicate that models 1 and 2 overlap with
and are consistent with experiment*} data, while modal
3 i* not

At the water temperature of these two experiments, 22
•C, the dimensipnkss Henry's law constant for TCE is QJ3
(If). The maximum measured values for C(/CU in each
experiment occurs at the longest measured residence time
whet* C^, k iwt tmaffiast; tow* CL-Mxnain* «an«»at« «<adb
of the plots shown in Figures 4 and 5. For 5 L/min thi*
maximum Cf/Ct, is 0.09, and for 10 L/min, 0.16. This
indicate* that theHenry's law equilibrium we* not attained
in either of the** experiments at the maximum measured
residence time. As residence time increase*, so should/,
*s volatilization continues, y^ models I and 2 show this.
In contrast, at 10 L/min modal 3 predict* that voiatfliia-
tioa would eatmtfsliy cease after a residence time of about
0.2 s due to attainment of the Henry's law equilibrium,
since /„ stop* increasing beyond that point. This k a
further indication that this model doe* not accurately
predict volatilization in our system. In actual domestic
shower systems, it is unlikely that TCE would approach
equilibrium unless there is a very long shower period, vary
high water-flow rate, and very low air exchange.

AHwicker and Lindbjws i5> assessed the applicability
of aiaMthzecmodaiateaspray-likiisystaiB. They con-
cluded that velocity-dependent models for internal maas
transfer from drops did not explain the experimental data
well, because even though the drops accelerate over the
course of their residence time in air, their mass-transfer
constants remained unchanged. Thus, the nonrelocity-
depeadeat model 1, which wt find to be mora convenient
to us* because th* maa*»tnns&r constants an independent
of drop velocity, may also be more generally appropriate.
They also found that all three models oTcrpredict«dth«
n»asuredmas*tranftferofC^mtotha»rspray-lik»systaai.

The result* reported here indicat* that If modeling of
tht volatiuxatioB from a shower systam to to ba realistic,
oa* must conskUr contribution* from different sourcaa
within the shower svstem, such as th« shower spray and
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pool of water sround the ihower drain. Also, the physical
characteristics and hydrodynamics of the shower system,
including watar-flow rata, can affect the volatilization
process thrash their impacts on drop-size distribution and
drop-residence time. It can be concluded from this work
that the mass transfer of VOCs from tha shown spray
should not be modeled simply as occurring from a mono-
dtsparsed, ipherical drop-aize distribution.
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